Summary Intravenous enzyme replacement therapy with recombinant human a-L-iduronidase (rhIDU) is used weekly to treat mucopolysaccharidosis (MPS) I. We tested continuous administration of rhIDU at two dosing levels (0.58 mg/kg per week and 2 mg/kg per week) in MPS I dogs, and compared the efficacy of continuous infusion with the clinically used 0.58 mg/kg weekly three-hour infusion. Peak plasma concentrations of rhIDU were much higher in weekly-treated dogs (mean 256 units/ml) than steady-state concentrations in dogs treated with continuous infusion (mean 1.97 units/ml at 0.58 mg/kg per week; 8.44 units/ml at 2 mg/kg per week). Dogs receiving continuous IV rhIDU, even at a higher (2 mg/kg per week) dose, had consistently lower iduronidase levels in tissues than dogs receiving a weekly (0.58 mg/kg per week) dose. GAG storage was also less improved by continuous intravenous infusion. Adverse events were similar in all dosing groups. We found that continuous administration of 2 mg/kg per week rhIDU to MPS I dogs was insufficient to achieve GAG storage reduction comparable to 0.58 mg/kg weekly dosing.
Introduction
Enzyme replacement therapy (ERT) is used weekly or every other week to treat patients with the lysosomal storage diseases Gaucher syndrome, Fabry disease, Pompe disease, and mucopolysaccharidoses (MPS) I, II, and VI (Barton et al 1991; Eng et al 2001; Harmatz et al 2005; Kakkis et al 2001; Kishnani et al 2006; Muenzer et al 2006) . In MPS I patients, weekly infusions of 0.58 mg/ kg intravenous recombinant human a-L-iduronidase (laronidase, rhIDU, EC 3.2.1.76) improve hepatosplenomegaly, pulmonary function, ambulation, joint mobility, and cardiac functional class (Kakkis et al 2001) . The administration of weekly rhIDU leaves patients without a constant source of enzyme, such as occurs physiologically, and the intermittent dosing may be inconvenient.
Patients with some disorders, notably diabetes mellitus, benefit from continuous infusions of needed protein via an implanted catheter and pump. The pump is small, portable, and convenient to many of its users. We used MPS I dogs to investigate continuous administration of rhIDU using an infusion pump at two dosing levels, and compared the efficacy of continuous to the clinicallyused 0.58 mg/kg weekly dose.
Materials and methods
MPS I dogs (beagle/Plott hound mix) were bred and maintained at the Los Angeles Biomedical Research Institute at Harbor-UCLA, an AAALAC accredited facility.
Recombinant human iduronidase was donated by BioMarin Pharmaceutical (Novato, CA, USA) from preclinical lots not for human use. Enzyme activity was 117 000 to 350 000 units/ml in formulation buffer (150 mmol/L NaCl; 100 mmol/L sodium phosphate, pH 5.5-5.8). Some lots also contained 0.001% polysorbate 80. For weekly administration, rhIDU was diluted to 50 ml in 0.9% saline and 1 mg/ml canine albumin and infused into a cephalic vein over 3 h once per week using a Razel syringe pump connected to a 0.22 Hm inline filter. For continuous administration, rhIDU was diluted as above and was delivered using a Broviac paediatric catheter (single lumen, with Surecuff Tissue Ingrowth cuff) implanted into the external jugular or femoral vein so that its tip lay within the superior vena cava above the right atrium. The catheter was routed subcutaneously to a skin exit site near a mesh vest containing a Dakmed ambulatory infusion pump connected to a sterile infusion bag. Bags were changed every 2-7 days, and enzyme stability was verified by activity assay of rhIDU remaining in the reservoir.
Clinical assessments
Weekly complete blood cell counts, leukocyte differentials, blood chemistry assessments, and total immunoglobulin assays were obtained on all animals throughout the study period. Urinalysis and urine creatinine testing were performed on a weekly basis for the first month, and every 3-4 weeks thereafter. Physical examinations noting weight, temperature, heart rate, posture, activity, mobility, demeanour, and coat appearance were performed weekly. Behaviour and skin condition were assessed daily.
Plasma rhIDU levels
Plasma rhIDU levels were determined for weeklytreated dogs on samples taken each hour during the infusion of enzyme, and then 2, 5, 10, 15, 30, 45, 60, 90, 120 , and 240 min after the end of the infusions given in weeks 24 and 26. For continuously-treated dogs, samples were taken at weekly intervals.
Biochemical analyses
Animals were euthanized by barbiturate injection 48 h after the last intravenous infusion. Tissues were harvested immediately, frozen on dry ice and stored at j80-C until assayed for iduronidase activity and glycosaminoglycan (GAG) content. Frozen tissue samples (100-500 mg) were thawed and homogenized in three volumes of PAD buffer (10 mmol/L sodium phosphate, pH 5.8, 0.002% sodium azide, 0.1 mmol/L dithiothreitol). Iduronidase activity was assessed using 250 Hmol/L 4-methylumbelliferyl a-L-iduronide substrate (4-MUI, Calbiochem, San Diego, CA, USA) as previously described (Kakkis et al 1996) , except that the incubation temperature was 37-C and the incubation time was 1 h. One unit is defined as the activity catalysing the hydrolysis of 1 nmol 4-MUI substrate in 1 h. Urine and tissue GAG was measured using an Alcian blue dye binding method (Kakkis et al 1996) . Urinary GAG was collected at weekly intervals. Urinary creatinine was quantified using the Roche Reagent for creatinine and measured at 500 nm on the COBAS MIRA chemistry analyser.
Results
Two MPS I dogs received 744 units/kg body weight per hour (equivalent to 0.58 mg/kg per week of rhIDU in its current, clinically used formulation) IV rhIDU continuously (Table 1) . Three MPS I dogs received 2976 units/ kg per hour continuously (equivalent to 2 mg/kg per week). These were compared with nine MPS I dogs published elsewhere that received 0.58 mg/kg once per week (Dickson et al 2008) . Plasma iduronidase levels were measured in four weekly-treated animals during treatments at week 12, 24 or 26. Peak iduronidase in weekly-treated animals occurred at 180 min and reached a mean peak value of 256 units/ml (Fig. 1) . Mean plasma iduronidase in animals receiving 0.58 mg/ kg per week continuously was 1.97 units/ml during weeks 16-17, and was 8.44 units/ml in animals receiving 2 mg/kg per week continuously at weeks 9-10.
Tissue iduronidase levels were also lower in dogs receiving continuous iduronidase, even at the higher dose (Fig. 2) . Iduronidase levels in tissues of dogs treated with continuous infusion of 0.58 or 2 mg/kg per week ranged from 1.9% to 81% of those achieved using the clinically-used weekly dose. Continuous infusion was also inferior to weekly dosing in reducing GAG levels at the 0.58 mg/kg dosing level in most tissues (Table 2) . Mean tissue GAG levels in dogs receiving 2 mg/kg continuous infusion were lower in most tissues when compared to the 0.58 mg/kg weekly group, although ranges overlap. Urinary GAG was similar in both weekly-and continuously-treated dogs (data not shown).
Three dogs receiving continuous IV rhIDU developed catheter-related infections, associated with an elevation in leukocyte count and ill appearance. Bacteria were isolated from the catheter in 3 of the 4 events. All animals recovered with antibiotics. The implanted catheter required replacement in two animals, resulting in interruptions in therapy of 6-11 days. Catheter obstruction occasionally required tissue plasminogen activator and resulted in interruptions of therapy (1-8 days). Dogs receiving continuous IV rhIDU required oral prednisone daily or every other day to prevent infusion reactions. All animals developed specific IgG antibodies against rhIDU (posttreatment titres shown in Table 1 ). Median time to positive antibody titre (>20 OD units/Hl) was 4 weeks in continuously-treated dogs and 5.5 weeks in weeklytreated dogs (excluding Ni, Ul, Ub, Um, and Ru, which were previously exposed to rhIDU). Mean peak titre reached was 219 OD units/Hl in continuouslytreated and 178 OD units/Hl in weekly-treated dogs, excluding those previously treated with rhIDU.
Discussion
MPS I patients receive intravenous enzyme replacement therapy with rhIDU on a weekly basis. In MPS I dogs we tested two doses of rhIDU administered continuously using a pump. Dogs receiving continuous IV rhIDU, even at a higher dose (2 mg/kg per week), had consistently lower iduronidase levels in tissues than dogs receiving a weekly (0.58 mg/kg per week) dose. GAG storage was also less improved by continuous intravenous infusion. Adverse events were more frequent in dogs receiving continuous IV rhIDU and included catheter-related complications and the need for immune suppression to prevent infusion reactions.
Weekly dosing results in high peak plasma concentrations of rhIDU, ranging from 241 to 359 units/ml in dogs receiving 0.58 mg/kg per week. With a continuous infusion, plasma concentration at steady-state ranged from 0.6 to 2.0 units/ml. This plasma concentration is approximately 1/10 of the half-maximal uptake constant of iduronidase (1 nmol/L). Thus the plasma concentration achieved in continuous dogs may not be large enough to drive diffusion into tissue of a concentration sufficient for uptake. Another possibility is that the concentration achieved with continuous dosing is below the threshold required to overcome clearance of the enzyme, leading to reduced therapeutic effect. The clearance may reflect uptake and metabolism by the liver. All of the treated dogs developed antibodies to rhIDU, which may prolong the clearance of rhIDU from plasma. In addition, the concentration of antibodies may be sufficient to bind up all of the enzyme when provided slowly during a continuous infusion. Higher concentrations achieved during 3-4 h weekly infusions may allow more enzyme to escape binding from antibody late in the infusions as the titre falls (data not shown). The precise length of infusions on a weekly basis was not studied, as accelerating infusions did result in adverse events in the dogs as it can in humans. We did not test a shortened infusion duration in the weekly-treated dogs, which may lead to safety issues if attempted in MPS I patients. The study is limited by the small number of animals in the continuous dosing groups. Statistical analysis was not performed. Treatment duration also differed among animals, though a subgroup analysis showed no difference in tissue GAG in the three weekly-treated dogs (Um, Ye, Ru) that received IV rhIDU for a shorter time than other animals in that group (data not shown). Most dogs in the weekly group received IT Fig. 1 a Plasma iduronidase levels during and following a weekly rhIDU infusion. Plasma iduronidase levels were taken at hourly intervals during the infusion of enzyme, and then 2, 5, 10, 15, 30, 45, 60, 90, 120 , and 240 min after the end of the infusion. Weeks 24 (ET) and 26 (XB, XY) are shown.
Iduronidase levels tested once per week in continuously-treated dogs (CH, DA, EM, IR, LA) are shown for comparison. Weeks 24-26 are shown. b Iduronidase levels at all treatment weeks in continuously-treated dogs rhIDU in addition to IV rhIDU. While we have not examined whether enzyme administered intrathecally enters the bloodstream, the IT dose and frequency were low (0.46-1.38 mg at monthly or three-month intervals) relative to the IV rhIDU dose (0.58 mg per kg body weight, weekly). Tissue GAG varied among animals, and ranges of continuously-treated and weeklytreated dogs overlapped for most tissues. Heart valve and synovium GAG responded poorly to therapy in all dosing groups in these non-tolerant animals, as previously observed (Dickson et al 2008) . The 48-hour time point was selected for analysis in dogs receiving weekly IV rhIDU, as it represents a maximum tissue enzyme distribution and avoids measuring extracellular enzyme.
The enzyme has a long half-life intracellularly of 5 days, so that tissue levels are not likely to vary greatly between infusions (Kakkis et al 1994) . However, tissue enzyme and GAG levels at other time points following weekly infusion were not studied.
We found that continuous administration of 2 mg/kg per week rhIDU to MPS I dogs was insufficient to achieve GAG storage reduction comparable to 0.58 mg/kg weekly dosing. This contrasts with data from patients with diabetes, who do not require increased insulin doses for continuous administration (Jakisch et al 2008) . Elevated doses of 1.0 and 1.2 mg/ kg weekly, and 1.2 and 1.8 mg/kg biweekly, have been studied in MPS I patients and were tolerated well (Giugliani et al 2009; Wraith et al 2007) . However, the higher doses would increase the cost of ERT for patients up to 4-fold and did not improve the effectiveness of treatment. Recently, we showed improved efficacy of intravenous rhIDU in dogs made tolerant to rhIDU and treated with 0.58 mg/kg per week, and that a 2 mg/kg weekly dose had an even greater effect in tolerant dogs (Dickson et al 2008) .
Achieving efficacy with continuous infusion of rhIDU that is comparable to weekly treatment would require still higher doses (greater than 2 mg/kg per week), making continuous infusion impractical. However, in the absence of antibodies, the outcome may be different. Regardless, it is clear that the optimal duration of infusion to treat distal tissues is not well established and could benefit from more research.
